The evolutionarily conserved Notch pathway plays an important role in regulation of stem cell renewal and cell fate determination in numerous organs, and as such is a key pathway in normal health and disease processes. Canonical Notch signaling is usually activated by cell contact where transmembrane ligands such as Delta-like and Jagged bind to Notch receptors. Notch activation results in the translocation of the cleaved Notch intracellular domain (NICD) into the nucleus and subsequent activation of transcription. Poly-ubiquitination leading to proteosome degradation of pathway components is one mean of regulating the Notch pathway. Here, we identified that Shootin1 exhibits the surprising propensity of activating the pathway either by interacting with LNX1/2 and promoting poly-ubiquitination of Numb or by complexing with Itch and impairing poly-ubiquitination of NICD. Within the developing brain Shootin1 modulates neuroblasts cell fate by executing 2 opposing activities on ubiquitin ligases, which control Notch signaling on 2 different levels.
Introduction
Maintaining the correct balance between the production of differentiating neurons and self-renewing progenitors is fundamental for proper neurogenesis (Breunig et al. 2011) . Radial glia cells (RGC) form the major population of neuronal progenitors in the rodent embryonic neocortex. At the onset of neurogenesis, RGCs undergo proliferative, symmetric divisions and later-on they switch to asymmetric divisions. The asymmetric divisions facilitate continued self-renewal in conjunction with acquiring neuronal or intermediate progenitor (INP) cell fate. RGCs undergo interkinetic nuclear migration in which their nuclei are translocated along the apico-basal axis in accordance with cellcycle progression. The polarity of the proliferative zone is a hallmark of the neuroepithelium and is perquisite for proper neurogenesis. The coupling between polarity regulation and cell-cycle progression is highlighted when disruption of key regulators of cell polarity affect the proliferative behavior of neuronal progenitors in the neuroepithelium. These key regulators include the Rho GTPase Cdc42 (Cappello et al. 2006) , whose loss impairs the polarity of the proliferative zone and subsequently leads to a basal shift of the mitotic events and to acquisition of basal progenitor fate. Another cell polarity protein, atypical protein kinase C (aPKC), affected Numb segregation and distinguished the cell identity of daughter cells in mitotic neuroblasts in the fly larva (Haenfler et al. 2012) . A mild reduction of aPKC in the zebrafish neuroepithelium is sufficient to cause an increase in the neurogenic divisions (Alexandre et al. 2010) . Manipulations in the levels of the polarity protein mPar3 in the mouse ventricular zone changes the ratio between asymmetric and symmetric divisions (Bultje et al. 2009 ). Par3 colocalizes with the tight junction protein ZO-1, aPKC and with F-actin at the interface between the apical and basolateral domain of the zebrafish neuroepithelium. Inheritance of the apical domain resulted in a bias towards neuronal cell fate during asymmetric division (Alexandre et al. 2010) .
The evolutionarily conserved Notch pathway plays an important role in regulation of stem cell renewal and cell fate determination in numerous organs, and as such is a key pathway in normal health and disease processes (review Kopan and Ilagan 2009; Louvi and Artavanis-Tsakonas 2012; Penton et al. 2012) . Canonical Notch signaling is usually activated by cell-cell contact where transmembrane ligands such as Delta-like and Jagged (Delta/Serrate/LAG-2 in the fly) bind to Notch receptors. Notch activation results in the translocation of the cleaved Notch intracellular domain (NICD) into the nucleus and subsequent activation of transcription (Tamura et al. 1995) . It has been suggested that interkinetic nuclear migration is involved in fate determination of the neuroepithelium by controlling the duration and level of exposure of the nuclei to the apical-high/basal-low gradient of Notch activity (Del Bene et al. 2008) , thus contributing to the regionalization of the neuroepithelium according to neurogenic potential (Latasa et al. 2009 ). RGCs and INPs can be distinguished based on the activity levels of the canonical Notch pathway. Downregulation of Notch signaling facilitates the differentiation of neuroepithelial cells into INPs that proliferate in a distance from the apical area (Mizutani et al. 2007) . A more direct link between the apical polarity regulators and Notch signaling is underlined by the finding that Par3 is a modulator of the Notch pathway (Bultje et al. 2009 ). Although a molecular mechanism has not been identified yet, a direct correlation between mPar3 levels and Notch signaling was demonstrated.
The Notch pathway is regulated at several levels by posttranslational processes including endocytic trafficking and degradation (review Le Bras et al. 2011; Moretti and Brou 2013) . Neuralized (Neur1 and 2 in mammals) and Mind bomb (Mib) 1 and 2 (Itoh et al. 2003) , directly promote the monoubiquitination of Notch ligands which is required for endocytosis of the ligands Yeh et al. 2001) . Numb is an evolutionary conserved, phosphotyrosinebinding (PTB) domain-containing protein, that plays critical roles in cell fate determination and is a negative regulator of the Notch pathway. Numb is a an intrinsic regulator of binary cell fate decisions and was found to be asymmetrically localized in dividing cortical progenitor cells, segregating preferentially to 1 of the 2 daughter cells (Chenn and McConnell 1995; Zhong et al. 1996) . Mammalian Numb has 2 encoding genes (Numb and Numb-like, Numb/l) as well as alternative spliced isoforms. Numb interacts with Notch and regulates Notch trafficking. Therefore, Numb is instructive in establishing directional Notch signaling during cytokinesis (Couturier et al. 2012) . Additionally, Numb suppresses Notch signaling by regulating post-endocytic sorting events that lead to Itch-dependent Notch degradation (Qiu et al. 2000; McGill et al. 2009 ). Su(dx)/Itch is a HECT-type E3 ubiquitin ligase that was originally identified in the fly as a suppressor of the deltex phenotype (wing vein thickening) and as a negative regulator of the Notch pathway (Fostier et al. 1998) . The mouse mutant exhibits a collection of immunological defects including persistent itching, hence the name Itchy (Perry et al. 1998) . Another level of Notch signaling regulation involves the NICDs which contain canonical PEST domains (rich in proline, aspartic acid, serine and threonine residues), known to be associated with short-lived proteins. NICD is rapidly poly-ubiquitinated and degraded through the proteasomal pathway and is a target not only of Itch but also of the E3 ubiquitin ligase SCF/Sel10/FBXW7 (review Carrieri and Dale 2016) . Deletion in the PEST domains of Notch1, or mutations in the human gene FBXW7 lead to activation of the Notch pathway and are among the most frequent mutations in T-cell acute lymphoblastic leukemia (T-ALL) (Asnafi et al. 2009 ), emphasizing the importance of this regulatory event. Numb levels are regulated in turn by LNX1/2 (Ligand of Numb, protein X1 or), E3 ubiquitin ligases and members of the RING (Really Interesting New Gene) and the PDZ domain-containing proteins. LNX binds the PTB domain of Numb and requires its first PDZ domain for substrate recognition (Nie et al. 2002) .
Ubiquitination-mediated regulation is a key feautre in the regulation of the Notch pathway (Weinmaster and Fischer 2011; Moretti and Brou 2013) . Here, we identified a new regulatory role for the polarity protein Shootin1. Shootin1 activates the Notch pathway by opposing activities on 2 regulatory E3 ubiquitin ligases; it can either interact with LNX1/2 and promote poly-ubiquitination of Numb or by complexing with Itch it may impair poly-ubiquitination of NICD. Within the developing brain Shootin1 not only controls the polarity of the mitotic neurons but also modulates the cell fate of neuroblasts by regulating Notch signaling on 2 different levels.
Materials and Methods

Antibodies Used in This Study
Antibodies generated in our laboratory were previously reported (Sapir et al. 2013 ): Rabbit polyclonal anti Shootin1 was produced against pRSETB_Shootin1 (S1), B627, Rabbit polyclonal anti Shootin1 (c'ter) was produced against pRSETA_Shootin1-c'ter, #094, and Rat polyclonal anti Shootin1 (c'ter). Mouse monoclonal antibodies produced in the antibody unit of the Weizmann Institute: Mouse monoclonal (hybridoma) anti HA (clone 12C5), Mouse anti c-Myc (clone 9E10). Antibodies that were purchased from Abcam include Chicken anti GFP (ab13970), Goat polyclonal anti GFP biotinylated (ab6658), Rabbit monoclonal to Beta-catenin (ab32572), Rabbit anti Itch/AIP4 (ab31097). Antibodies purchased from Sigma were Mouse anti Flag (M2) (F1804), Rabbit anti Pax6 (ab 5970), Chicken anti Tbr2 (ab 15894), Rabbit anti Tbr1 (ab 31940), Rabbit anti Ctip2 (ab 28448), Mouse monoclonal anti tubulin DM1A (T9026). The following antibodies were purchased from Santa Cruz: Rabbit anti Cux1 (CDP M-222 sc-13024), Mouse anti Ubiquitin (P4D1) (sc-8017), Goat anti PAR-3 (M-20) (sc-8209), Rabbit anti Numb (H-70) (sc-25668). Rabbit anti LNX1 (AAS66433C), Rabbit anti LNX2 (AAS41434C), Rabbit anti Numb (AAS34594C), were purchased from antibody verified. Mouse monoclonal Anti GFP was purchased from Roche (cat. # 11814460001). Polyclonal anti GFP, FITC conjugated was purchased from Life Technologies (A21311) and Rabbit anti Phospho-Histone H3 was purchased from Millipore (06-570), Rabbit mAb anti Cleaved Notch1 Val1744 (D3B8) (Ab 4147) was purchased from Cell signaling, Mouse anti Neuronal Class III β-Tubulin (Tuj1) (MMS-435P) was purchased from Covance.
Plasmids Used in This Study
We have generated several plasmids used in this study including pCAGGS_GFP-Shootin1, pCAGGS_mCherry-Shootin1, pRsetB_ Shootin1, pCAGGS_mCherry, pCAGGS-GFP, Shootin1 shRNA and control shRNA plasmids were previously reported (Sapir et al. 2013 ). To rule out a possible off-target activity of the shRNA towards the E3 ubiquitin ligases Lnx1/2 and Itch, we confirmed that their mRNA levels were practically non-affected by Shootin1 shRNA (Supplementary Fig. S2B ). For Shootin1 gene editing, plasmids encoding guide RNAs for Shootin1 early coding exon, which is common to the 2 known splice forms, were generated using the following oligonucleotides: guide A:
5′-CACCgAAACAAAGGAGAAGGTTCGT-3′ 5′-AAACACGAACCTTCTCCTTTGTTTC-3′ Dr. Jane McGlade kindly provided the following plasmids: pFlagCMV2_mouse LNX1, pFlag-CMV-2_LNX2, pcDNA3.1_mNumb, pGEX-4T-3_LNX1, pDEST15_hLNX1 PDZ1, pDEST15_hLNX1 PDZ2, pDEST15_hLNX1 PDZ3, pDEST15_hLNX1 PDZ4, pGEX 4T1_LNX2.
Dr. Songhai Shi had kindly provided pCAGGS_GFP_NICD, Numb RNAi1 and Numb RNAi2, Numb-Like RNAi1 and NumbLike RNAi2 (Rasin et al. 2007; Bultje et al. 2009 ).
pND-EGFP NeuroD promoter was kindly provided by Dr. Frank Poullex.
FUCCI indicators were received from Dr. Atsushi Miyoshi: mCherry-hCdt1 GeneBank, AB512478, mVenus-hGeminin, GeneBank, AB512479 (Sakaue-Sawano et al. 2008) , and were subcloned into pCAGGS. Plasmids received from Prof. Yosef Shaul: pcdna-Myc_Itch, pcdna-Myc_Itch mut C830A. HA-Ubiquitin was received from Prof. Chaim Cahana. Cag-Stoplight,CAG-SL, T-box brain protein 2 (Tbr2)-Cre were kindly provided by Dr. Tarik F. Haydar, lifeact-GFP was kindly provided by Dr. Michael Davidson. Plasmids purchased in Addgene: CBFRE::EGFP, CBF:: H2B-Venus, pX330, pX335 (CRISPR/Cas9 gene editing).
Generation of Shootin1−/− Mice
Animal protocols were approved by the Weizmann Institute IACUC and were carried out in accordance with their approved guidelines. Shootin1 knockout embryos and mice were generated by CRISPR/ Cas9 gene targeting technology (Ran et al. 2013; Wang et al. 2013) . In vitro transcribed Cas9 and sgRNA RNA was microinjected in mouse zygotes and the embryos were transferred into the oviducts of pseudopregnant ICR females as described (Wang et al. 2013) . The knockout was verified on the DNA level by sequencing of PCR products showing the deletion (Primers: 5′-gaagccctctgaaagcctct-3′ 5′-atcaccagcatcccaagtct-3′ WT allele product is 499bp long). DNA from a chosen line was cloned and sequenced, Supplementary Fig. S6 . The confirmed Shootin1 knockout founder was crossed to ICR females. Heterozygous F1 mice were out crossed once more and the F2 progeny was used for timed pregnancies.
Microscale Thermophoresis
Shootin1 protein was fluorescently labeled with the Monolith NT™ Protein Labeling Kit RED according to the supplied labeling protocol. Labeled Shootin1 was used at a concentration of 50 nM.
GST-tagged recombinant proteins were induced in bacteria and purified using Glutathione agarose (detailed below). LNX1 was titrated in 1:1 starting dilution to final concentrations ranging from 5.96 nM up to 6100 nM. LNX1_PDZ2 concentration ranged from 8.06 nM to 4125 nM; LNX1_PDZ3 concentration ranged from 4.03 nM to 8250 nM; LNX1_PDZ4 concentration from 2.44 nM to 5000 nM; LNX2 concentration ranged from 2.44 nM to 5000 nM; WT Itch from 0.88 nM to 1800 nM; and Itch_C830A was diluted with a range of 1.9 nM to 3900 nM. The experiments were performed in PBS buffer with 0.05% Tween and measured in standard treated capillaries. All binding reactions were first incubated for 10 min at room temperature before they were loaded into the capillaries. The measurements were done on a NanoTemper Monolith NT.115 instrument. All measurements were performed at 50% LED and 40% IR-Laser, Laser-On time was 30 s, Laser-Off time 5 s.
GST-tagged Protein Purification
GST-fusion plasmids, representing different LNX fragments and Itch, were transformed into BL21(DE3)RIL bacteria (Stratagene, La Jolla, CA), which were grown in LB at 30°C to an optical density of 0.7-0.8. Induction of protein expression was carried out using 0.2 mM IPTG for 4 h. Protein was extracted in NETN buffer (0.5% Nonidet P-40, 0.1 M NaCl, 1 mM EDTA, 20 mM Tris-HCl, pH 8.0) with sonication. The soluble fraction was bound to glutathione agarose beads (Sigma, Rehovot, Israel) for 1 h, cleared by centrifugation above 20% sucrose-NETN, and washed extensively in NETN buffer before elution from column in 50 mM Tris-HCL, pH 8.0, 0.15 M NaCl, 10 mM glutathione and 10% glycerol.
Immunoprecipitation (From Brain Lysates)
Immunoprecipitation was performed from lysates prepared from embryos of ICR mice (E14 to P0), experiments were repeated at least 3 times and a representative image is shown in the figures. Brain extracts prepared in IP buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1% Triton X-100) supplemented with protease inhibitors (Sigma, Rehovot, Israel) . Five hundred microgram of brain extract was incubated with the indicated antibodies for 2 h at 4°C. Following this, 10 μl (bed volume) of protein A/G agarose (Santa Cruz, San Diego, CA) preblocked in IP buffer supplemented with 10 mg/ml BSA (Sigma, Rehovot, Israel) was added to each sample for additional 2 h. Immunoprecipitated proteins were pelleted by centrifugation, washed 3 times with IP buffer, eluted by addition of SDS-PAGE sample buffer, boiled for 2 min, and analyzed on SDS-PAGE.
Immunoprecipitation (From HEK293 Transfected Cells)
HEK293 cell cultures were transfected with plasmid encoding tagged proteins as indicated in each experiment (The tags used were FLAG, Myc or GFP), experiments were repeated at least 3 times and a representative image is shown in the figures. Forty-eight hours post transfection, cells were pelleted and lysed in IP buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1% Triton X-100) supplemented with protease inhibitors (Sigma, Rehovot, Israel). Lysates prepared from cells collected from half of a full 10 cm plate were incubated with indicated antibodies for 2 h at 4°C. Following this step, 10 μl (bed volume) of protein A/G agarose (Santa Cruz, San Diego, CA) preblocked in IP buffer supplemented with 10 mg/ml BSA (Sigma, Rehovot, Israel) was added to each sample for additional 2 h. Immunoprecipitated proteins were pelleted by centrifugation, washed 3 times with IP buffer, eluted by addition of SDS-PAGE sample buffer, boiled for 2 min, and analyzed on SDS-PAGE.
Ubiquitination Assays
Ubiquitination assays were performed in HEK293 transfected cells with plasmids expressing the protein of interest (GFPShootin1 or GFP), LNX1/2, Itch or ligase inactive Itch (Itch C830A), Numb or NICD and HA-Ubiquitin, experiments were repeated at least 3 times and a representative image is shown in the figures. 24 h after transfection, cells were washed with PBS and lysed with IP buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Triton X-100) supplemented with protease inhibitors (Sigma, Rehovot, Israel). Each 10 cm HEK293 plate was used as one treatment and the lysed cells were incubated with indicated antibodies for 2 h at 4°C (anti HA, anti GFP or anti NUMB, as indicated). Following this, 10 μl (bed volume) of protein A/G agarose (Santa Cruz, San Diego, CA) preblocked in IP buffer supplemented with 10 mg/ml BSA (Sigma, Rehovot, Israel) was added to each sample for additional 2 h. Immunoprecipitated proteins were pelleted by centrifugation, washed 3 times with IP buffer, eluted by addition of SDS-PAGE sample buffer, boiled for 2 min, and analyzed on SDS-PAGE.
Immunohistochemistry
Antibodies were used to stain brain sections are listed above. Floating sections or cryosections were incubated in blocking solution [PBS, 0.1% Triton X-100, 10% HS, 10% fetal calf serum (FCS)] for 30 min. Prior to Pax6 immunostainings, heat mediated antigen retrieval was preformed using 10 mM sodium citrate buffer pH 6.0 (20 min incubation, 90°C). Antibodies were incubated in blocking solution overnight at 4°C. After washing (PBS, 0.1% Triton), appropriate secondary antibodies (Jackson ImmunoResearch) were diluted in blocking solution, and incubated for 30 min at room temperature. For cleaved Notch1 staining, PBS 0.1% Triton X-100 was replaced by TBS 0.1% Triton X-100 in all steps. Cux1 immunostainings were done in a higher Triton X-100 concentration (0.4%). After the secondary antibody was washed, the slices were mounted onto glass slides using ProLong Diamond Antifade Mountant with DAPI (Molecular Probes). For quantification of Shootin1 deposition in the future daughter cells of the apically dividing RGC, dividing cells were identified by the in utero electroporation and expression of mVenus-hGeminin and were stained with anti-Shootin1 antibodies and DAPI which allowed the identification of the aligned chromosomes and the future division plane. To outline the 3-dimensional dividing cell bodies during metaphase, the green signal (mVenus) was used for thresholding. The surface of the dividing cell was defined using the appropriate Imaris (Bitplane) software tool and all the signal outside of this volume was masked. The signal intensity in each of the future daughter cells was measured using Fiji software. To assess the intensity of Notch reporter (CBFRE::EGFP, CBF::H2B-Venus) activity in individual cells each object was identified using the spots tool (Imaris, Bitplane). The mean intensity in each of the identified spots was recorded (embedded function within the software) and plotted as a function of its location within the section.
EdU Labeling and Click Chemistry
For labeling cells in S-phase, pregnant mice (E14) were injected with (50 mg/gr body weight) 5-ethynyl-2′-deoxyuridine (EdU) solution and were scarified 30 min post injection. The brains were removed and fixed in 2.5% PFA-PBS overnight, washed and cryoporotected by immersion in 30% sucrose-PBS solution. Antigens were retrieved by incubation in Sodium Citrate Buffer (10 mM Sodium Citrate, 0.05% Tween 20, pH 6.0) 95°C for 30 min.
The detection of EdU was done by copper-catalyzed click coupling to a Biotin-Azide (Invitorgen). Biotin detection was later done by incubation in Streptavidin-Alexa Fluor 647 (Jackson).
In Utero Electroporation
In utero electroporation was conducted at indicated embryonic ages (E12, E13) in ICR mice as previously described (VinogradByk et al. 2015) . Twenty-four hours after electroporation (unless otherwise stated), embryos were harvested and fixed overnight in 4% PFA-PBS. Neonate pups were anesthetized on ice and transcardially perfused with 4% PFA-PBS. The brains were removed and post fixed overnight in the same solution. Fixed brains were washed in PBS, embedded in low melt agarose and sectioned to 60 μm thick sections in a Vibrating blade microtome (Leica VT1000 S). Alternatively, brains were cryoprotected by incubation in 20% sucrose-PBS and later embedded in OCT and cryo-sectioned to 16-20 μm thick slices (Leica). Animal protocols were approved by the Weizmann Institute Institutional Animal Care and Use Committee.
Life Imaging-Clonal Assay
Plasmids encoding NeuroD::GFP and pCAGGS mCherry were coelectorporated with indicated shRNA or pCAGGS_Shootin1 (S1). One day after electroporation the brains were removed in ice cold, oxiginated Leibovitz's L-15 Medium (Invitrogen), enriched with 0.6% glucose and gentamicin (20 μg/ml; Sigma). Fluorescent regions were isolated under a binocular and the tissue was mechanically dissociated and plated on poly-L-lysine, laminin-coated 96 well plates (Nunc) in (MEM) Earl salts medium (Invitrogen), containing of 5% heat-inactivated horse serum (HS), 5% Fetal Calf Serum (FCS), B-27 supplement 0.6% glucose, gentamicin (20 μg/ml; Sigma) and 2mM glutamax. Five embryos were pooled for each treatment and two pools were plated for each treatment. Cells were incubated for 3 hours prior to the initiation of imaging. Imaging was preformed using ImageXpress Micro (molecular devices). Fluorescent images were captured in a time dependent manner (every 20 min for 16 hour) using 10x lens and Semrock filter cubes of FITC (Ex/Em 482/536 for NeuroD::GFP) and TRITC (Ex/Em 543/593 for pCAGGS mCherry). In house perl script was written to convert the time point data to well based configuration. This allowed generating movies from single wells. Movies were analyzed using Imaris (Bitplane) software. Dividing cells were identified as using celltracking module (split connected tracks). Mitotic events were followed and classified as described in the text. The total mitotic events that were recorded are n = 297 for control shRNA treatment, n = 134 for Shootin1 shRNA treatment and n = 287 for Shootin1 overexpression. These represent 8-14% of the total numbers of cells imaged. For fate studies, an identical protocol was used. The cells were plated on poly-L-Lysine, laminin coated coverslips and were fixed (4% PFA-PBS) 24 h post plating. The coverslips attached cells were subjected to IHC protocol described earlier.
Neutrospheres Cultures
E14 embryos were isolated in ice cold L-15 media supplemented with glucose (0.6%), bubbled with 95% O2 and filter-sterilized.
The forebrains dissected and the meningeal membranes and blood vessels removed. Telenchephalic cortices were dissected and dissociated mechanically the progression of the dissociation was monitored by light microscopy. Dissociated cells were plated in low adhesive plates in Serum-free media (DMEM/F12; 0.1 mg/ml Gentamicin (Sigma), 2 mM L-Glutamax) supplemented with 2x B27 w/o Vitamin A (Gibco), and hbFGF (20 ng/ml, PeproTech). Neurospheres were allowed to grow for 2 days in vitro. Prior to transfection, the neurospheres were collected and dissociated with Accutase (Sigma), and washed once in OptiMEM. The cells were electroporated in suspension using the NEPA21 electroporator (NepaGene).
Quantitative Real-Time PCR Total RNA was extracted from cultured neurospheres using RNeasy minikit (Qiagene).
cDNA was synthesized using M-MLV reverse transcriptase. Real-Time reactions were performed in triplicate using KAPA SYBR FAST qPCR Kit (2X) on Step-One-Plus Real-time PCR system (Applied Biosystems) following manufacture's recommendation. Expression levels were normalized against 18S rRNA using the ΔΔ threshold cycle (Ct).
Primer sequences:
Statistical Analysis
Statistical analysis was conducted using Prism 5 and 7 for Mac OS X using t-test or ANOVA as appropriate for the assay.
Results
The proliferative zone in the developing cortex is a pseudostratified and highly-polarized region in which the nuclei of the of radial glia progenitors oscillate in coordination with cell-cycle progression. The most apical regions are the site of mitosis and therefore define where cell fate decisions are set. Immunostaining of developing mouse cortices showed that Shootin1 is an apically localized protein with high immunoreactivity at the apical aspect of the ventricular zone. This expression pattern was similar to that of beta-catenin, which localizes to adherens junctions ( Supplementary Fig. S1A ). The localization of Shootin1 ( Supplementary Fig. S1C ) was also reminiscent of the expression pattern of the apically localized protein Numb (Supplementary Fig. S1B ), which is known to participate in regulation of Notch signaling and proliferation of progenitors in the developing brain (Shen et al. 2002; Li et al. 2003; McGill and McGlade 2003; McGill et al. 2009; Couturier et al. 2012) , and partially overlapped with Par3 ( Supplementary Fig. S1C,D) , which participates in polarity regulation and cell fate determination within the ventricular zone (Bultje et al. 2009 ). Further immunostaining of Shootin1 combined with marking of the cell periphery with lifeact-GFP demonstrated that Shootin1 is enriched in the apical endfeet of radial glia ( Supplementary  Fig. S1E -H). To further assess the possibility that Shootin1 may be involved in binary fate acquisition of asymmetrically dividing progenitors, we analyzed the deposition of Shootin1 protein in metaphase neuroblasts in the ventricular zone (VZ). To visualize dividing cells, brains were in utero electroporated with a mitotic marker, mVenus-hGeminin (Sakaue-Sawano et al. 2008) , at embryonic day 13 (E13). The cleavage plane was identified by alignment of the chromosomes in metaphase cells, and Shootin1 immunoreactivity was measured in the 3D volume of prospective daughter cells. We found that Shootin1 was asymmetrically deposited in the 2 future daughter cells in a large proportion of the tested cells (n = 24, Paired t-test, P < 0.0001, Fig. 1A-E) . Therefore, it was likely to anticipate that the unequal distribution of the protein will be followed by an unequal inheritance of Shootin1. Shootin1 has been implicated in regulation of cellular polarity in primary hippocampal neurons (Toriyama et al. 2006 (Toriyama et al. , 2013 Shimada et al. 2008 ) and in migrating neurons (Sapir et al. 2013) , and thus may participate in polarity decisions in neuroblasts as well. Previous studies have demonstrated that Par3 has a dual function in promoting progenitor fates in dividing neuroblasts (Bultje et al. 2009; Alexandre et al. 2010; Chen et al. 2013) as well as in the establishment of neuronal polarity (Nishimura et al. 2004) . Modulation of Par3 affected daughter cell fate specification (Bultje et al. 2009; Alexandre et al. 2010; Chen et al. 2013) . Therefore, we hypothesized that modifying Shootin1 levels within neuronal progenitors would result in a similar outcome. This hypothesis was examined by live cell microscopy of cultured neuroblasts. Shootin1 levels were modulated in utero by either overexpression or knockdown using previously validated (Sapir et al. 2013 ) and retested shRNA ( Supplementary Fig. S2A,B) . To follow divisions of neuroblasts in vitro, we traced the cells labeled with mCherry (marking transfected cells) and monitored the upregulation of NeuroD::GFP in the progeny (expressed in neurogenic progenitors or neurons). This approach allowed tracking and classification of 3 division types (Fig. 1F-H) . A mitosis resulting in 2 red (with basal levels of NeuroD::GFP) daughter cells represent a symmetric division of radial glia (P-P , Fig. 1G ); 1 yellow and 1 red cell represent an asymmetric division leading to a neuron and a progenitor (N-P); and 2 yellow cells represent a symmetric division leading to 2 neurons (N-N). Cell fates were confirmed by staining with the progenitor marker, Pax6, and the early neuronal marker Tuj1 ( Supplementary Fig. S2C-E) . Shootin1 overexpression significantly increased the proportion of symmetrical divisions of the progenitors (unpaired t-test, 56 ± 3% vs. 43 ± 2.9%, mean ± S.E.M., P = 0.012, OE vs. control, respectively) (Fig. 1H) . The knockdown of Shootin1 significantly impaired progenitor-progenitor divisions (unpaired t-test, 29.9 ± 4.35 vs. 43 ± 2.9%, P = 0.0289, shRNA vs. control, respectively), but strikingly increased the proportion of neurogenic divisions (green-green 55.4 ± 3.7% vs. 36.5 ± 4%, P = 0.0042) (Fig. 1H) . We investigated the levels of Shootin1 in the daughter cells following neuroblast division, 24 h post plating ( Supplementary Fig. S2C-E) and found that the endogenous levels of Shootin1 are rapidly elevated in the neurons, consistent with the later developmental roles of Shootin1 in establishing neuronal polarity (Toriyama et al. 2006 (Toriyama et al. , 2013 Shimada et al. 2008; Sapir et al. 2013; Kubo et al. 2015) . Modulation of the cell cycle may affect the ratio of the 2 different types of cell divisions (Calegari et al. 2005; Arai et al. 2011) . Therefore, we examined the effect of Shootin1 knockdown on cellcycle progression in vivo, using modified fluorescence ubiquitination cell-cycle indicators (FUCCI) (Sakaue-Sawano et al. 2008) (Fig. 1I-L) . The short-lived fluorescent proteins allow to visualize G1 (red, mCherry-hCdt1+), G1 to S transition (yellow, mCherryhCdt1+, hGeminin mVenus+) and S,G2,M (green, hGeminin mVenus+) (Fig. 1K) . Shootin1 knockdown was associated with a decreased proportion of apical cells at M: 6.2 ± 0.5% versus 8.7 ± 0.6% in controls (unpaired t-test, P = 0.045, Fig. 1L ). The proportion of Shootin1 shRNA treated cells in G1/S transition was significantly increased (24.3 ± 1.85% vs. 16.5 ± 2.27%, P = 0.012, Shootin1 shRNA vs. control, respectively, Fig. 1L ). Pulse labeling with EdU of the mCherry-hCdt1 expressing population confirmed that that a smaller proportion of the Shootin1 shRNA treated cells were able to incorporate EdU and did not re-enter S-phase ( Supplementary  Fig. S3 ). The proportion of EdU and mCherry-hCdt1 double positive cells in the control shRNA treated brains was higher (14.33 ± 1.278, n = 11 sections from 4 embryos) than those observed in the corresponding Shootin1 shRNA treated brains (7.036 ± 1.117, n = 12 sections from 4 embryos). This difference was significant with a P value of 0.0003. Therefore, it could be concluded that the increase in double labeled cells observed in the FUCCI-based experiment are cells that are stalled at the G1 -> S checkpoint, are failing to re-enter S-phase and do not incorporate EdU. These in vivo results are in agreement with our time-lapse experiments.
To better understand the molecular mechanisms involved, we sought putative Shootin1 interacting proteins. A protein microarray screen identified a peptide from Shootin1 (KIAA1598) as a putative interactor with LNX1 (Ligand of Numb, protein X1) a RING (Really Interesting New Gene) domain-containing E3 ubiquitin ligase, with 4 PDZ domains (Wolting et al. 2011 ). Lnx1 and Lnx2 mRNA are expressed in the developing cortex (Rice et al. 2001) . LNX1/2 are involved in Numb mediated degradation through poly-ubiquitination (Rice et al. 2001; Nie et al. 2002) . Immunostaining of LNX1/2 showed that either proteins are expressed in an apical localization similar to that observed with Shootin1 (LNX1/2 Fig. 2A,B) , thus placing LNX1/2 in the correct time and location to possibly interact with Shootin1 during corticogenesis ( Fig. 2A,B) . Indeed, LNX1/2, Numb, and Shootin1 were detected in an immuno-complex from brain extracts ( Supplementary Fig. S4A,B) . Anti-LNX1, anti-LNX2, or anti-Numb antibodies immunoprecipitated Shootin1 from brain extracts ( Supplementary Fig. S4A ). Reciprocal interactions between GFPShootin1 and FLAG-tagged LNX2 were demonstrated in transfected cells (Supplementary Fig. S4C ). The interaction between Shootin1 and LNX1 or LNX2 is direct and of moderate affinity at the lower micromolar range, as demonstrated by MicroScale Thermophoresis (MST) (Seidel et al. 2013 ) with purified recombinant proteins ( Supplementary Fig. S4F -O, Kd of 0.56 or 0.4 μM for Shootin1-LNX1 and Shootin1-LNX2, respectively). We were able (F) Live cell fate was monitored using time-lapse microscopy. At E12, a red plasmid (pCAGGS mCherry) and NeuroD promoter GFP expressing (NeuroD::GFP) plasmids were in utero electroporated. At E13, the electroporated areas were dissected and cells were plated at a clonal density on 96 well plates. The wells were imaged during 16 h. (G) Three division types were scored during image analysis: P-P progenitor-progenitor (red-red); both daughter cells express mCherry with trace levels of GFP expression, N-P neuron-progenitor (green-red, yellow); 1 cell expresses high levels of GFP, N-N neuron-neuron (green-green); both daughter cells exhibit high levels of to further map the interaction using recombinant PDZ domains. LNX1-PDZ1 showed no binding to Shootin1 ( Supplementary  Fig. S4I ), whereas PDZ domains 2,3,4 demonstrated independent and high affinity binding to Shootin1 ( Supplementary Fig. S4J-O) . These PDZ domains are non-overlapping with the mapped LNX1/2 and Numb interaction domain (Dho et al. 1998; Li et al. 1998; Rice et al. 2001) . Therefore, if Shootin1/LNX1/2 and Numb form a tripartite complex, Shootin1 may modulate the E3 ubiquitin ligase activity of LNX1/2 towards Numb. An interaction between Shootin1 and Numb could not be detected by immunoprecipitation expressing cells detected in sections from control shRNA, Shootin1 shRNA and Shooin1 overexpressing (Shootin1 OE) cells. The GFP intensity was measured in a total of n = 1192 cells, images were taken from n = 3 embryos of each treatment, intensity levels were normalized to control, the mean ± S.E.M. is presented. (N-Q) Knockdown of Shootin1, moderates Notch activation following Numb/l knockdown. Enhanced Notch reporter activity (CBF1:: H2B_Venus), is evident after Numb and Numbl knockdown (N,N'). Over-proliferation of radial glia and compromised tissue architecture is seen as bulging of the VZ into the ventricular space (N) and leakage of the nuclear
Venus to the cell cytoplasm (N'). (O-O') Reduction of Shootin1 levels improves tissue morphology and reduces Notch reporter activity (O). (P-P') Littermates treated with
Shootin1 shRNA show lower Notch activity (P') and a well-structured VZ (P). (Q) The relative abundance of transfected cells (mCherry+) expressing mVenus out of all mCherry+ cells in each treatment is presented, data collected from 7 sections taken from 3 embryos of each treatment. Data is presented in averages ± SE. *P < 0.05; **P < 0.01. Scale bars: A, 20 μm; I",O, 50 μm.
experiments in transfected cells (data not shown). In agreement with this hypothesis, the addition of Shootin1 stimulated LNX1 activity (Fig. 2C-H) , resulting in more poly-ubiquitinated species of Numb (Fig. 2C, lane 3 vs. lane 2) . Addition of the proteasome inhibitor MG132 resulted in increased levels of Numb and accumulation of its ubiquitinated species (Fig. 2G) , suggesting that ubiquitinated Numb is destined for degradation by the proteosome.
Numb negatively controls Notch signaling through the regulation of post-endocytosis sorting (McGill et al. 2009; Couturier et al. 2013) . Therefore, the knockdown of Shootin1 leading to increased levels of Numb was expected to reduce Notch signaling, and to lower the activity of the Notch reporter (CBF1::GFP). Indeed, introduction of Shootin1 shRNA in utero at E13 resulted in small but significant reduction in the fluorescence of the GFP Notch reporter in the electroporated cells (Fig. 2I-M) . The possibility that Lnx1/2 mRNA are off-targets of Shootin1 shRNA was excluded ( Supplementary Fig S2A,B) . A shift in the position of cells away from the ventricular zone to the subventricular zone was noted in the treated brains, consistent with the possibility of a decrease in proliferative division of the progenitors (Fig. 2J -J",L vs. I-I",L, Shootin1 shRNA vs. control shRNA, respectively). We further followed the fate of cells in which Shootin1 levels were reduced by shRNA in vivo ( Supplementary Fig. S5 ). We found a reduction in the expression of the progenitor marker Pax6 and reduced transcription from the Tbr2 promoter ( Supplementary Fig. S5A-H) , while no significant differences in the proportion of GFP (NeuroD::GFP) positive cells was noted. Following Notch activation NICD is released from the plasma membrane and transferred to the nucleus, where its binding to the DNA-binding protein CSL/RPBJ results in activation of transcription (Tamura et al. 1995; Castel et al. 2013) . The overexpression of Shootin1 in the developing cortex, resulted in increased Notch reporter activity (shown in Fig. 2K -K",L) and an increased tendency of the neuroblasts to be retained in the ventricular zone. The total intensity of the Notch reporter significantly differed between the 2 experimental conditions and the control (Fig. 2M , control 100 ± 2.18%, Shootin1 shRNA 88.9 ± 3.56%, mean ± S.E.M, P < 0.05; Shootin1 overexpression 110.7 ± 2.73%, P < 0.01, ANOVA).
Knockdown of Numb and its closest paralog Numbl have been shown to impair neuroepithelial integrity and adherens junctions (Rasin et al. 2007 ) leading to activation of Notch signaling in radial glia (Bultje et al. 2009) (Fig. 2N,N' ). Taking into consideration that Shootin1 activates Notch signaling via promotion of Numb degradation, knockdown of Shootin1 resulting in accumulation of Numb, was expected to partially rescue Numb knockdown. Indeed, testing these assumptions in vivo demonstrated that the knockdown of Numb and Numbl was partially rescued by Shootin1 knockdown. Reduction of Shootin1 levels on the background of Notch signaling activation by Numb/l knockdown, reduced the levels of the Venus expressed from the CBF1::H2B-Venus and partially restored the neuroepithelial morphology (Fig. 2O,O') . Furthermore, the relative ratio of cells retained in the VZ coexpressing the Notch signaling reporter and a plasmid encoding mCherry were significantly reduced following Shootin1 shRNA addition (Fig. 2Q) (ANOVA, Numb/l shRNA 25.3 ± 3.7; Numb/l shRNA + Shootin1 shRNA 13.5 ± 1.6, mean ± S.E.M., P = 0.013 vs. Numb/l shRNA; Shootin1 shRNA 7.2 ± 1.9, non-significant difference vs. Numb/l shRNA + Shootin1 shRNA).
To study the role of the protein in vivo, Shootin1−/− mice were generated using CRISPR/Cas9 gene editing technology (Ran et al. 2013; Wang et al. 2013 ). Brain sections and brain lysates from the mutant mice did not react with anti-Shootin1 antibodies ( Supplementary Fig. S6A-D) . DNA sequencing revealed a deletion in the Shootin1 gene, resulting in premature termination ( Supplementary Fig. S6E ). Sections from mutant Shootin1 E14 embryos showed a significant reduction in the number of phospho-Histone H3 and Tbr2 positive cells (Fig. 3A-G) . The postnatal brains (P0) had reduced cortical width with a significant thinner cortical plate (Fig. 3N) . The reduction of the cortical plate width was accompanied by reduced density of the Cux1 positive superficial layers and a small increase in the cells density measured in the deeper, Tbr1+ cell layer, while no differences were noted in the Ctip+ cell layer (Fig. 3H-O) . Corroborating our shRNA results, Shootin1−/− embryos displayed a moderate but significant reduction in the Notch reporter activity (Fig. 4A-D) . The CBF1::H2B-Venus reporter was coelectrporated with plasmid expressing mCherry under a general CAG promoter to E13 littermates. The proportion of cells expressing the Notch reporter out of the total transfected (dsRed expressing cells) in either Shootin1 KO or wild type littermates was measured 1 day after the introduction of the reporter. We found that the percentage of Notch reporter positive cells was significantly lower in the knockout embryos: 55.7 ± 2.7% (n = 16) in Shootin1 KO versus 64.3 ± 2.8% (n = 15) in the wild type, unpaired t-test, P = 0.0342. We have previously shown that Shootin1 can promote Numb degradation. Here, in the absence of Shootin1, Numb accumulation was noted (Fig. 4E ,G vs. F,H). This increase was moderate but evident also in brain lysates prepared from Shootin1−/− versus Shootin1 +/+ embryos (Fig.4 I,J) . Numb levels, normalized to αTubulin were 0.26 ± 0.03 in the Shootin1 KO (n = 9), and only 0.14 ± 0.02 in the E14 wild type brain lysates (n = 7), P = 0.02. Additionally, forced expression of mCherry-Shootin1 in Shootin1−/− embryonic brains, reduced Numb immunoreactivity in the apical endfeet of mCherry-Shootin1 expressing RGCs but not in the adjacent cells, which were negative for Shootin1 expression (Fig. 3K-N ). An increase in the observed levels of cleaved Notch signal which otherwise was below detection was also noted in mCherry-Shootin1 expressing cells in the SVZ of Shootin1−/− brains ( Fig. 4O-Q) .
The binding of Notch ligands triggers the proteolytic cleavage of Notch by multiple proteases and the release of the NICD. NICD is translocated to the nucleus and promotes the transcription of the Notch target genes. Our results suggest that Shootin1 enhances the activity of the E3 ubiquitin ligase LNX1/2 towards the negative regulator of the pathway Numb, resulting in decreased Numb levels. We anticipated that the modulation of Shootin1 expression will not affect the phenotype observed in case of forced Notch activation by NICD overexpression. However, in contrast to our expectations, Shootin1 shRNA significantly reduced the levels of NICD-GFP expression (Fig. 5A-G , EP at E12, analysis at E13). The percentage of NICD-GFP expressing cells among the total transfected cells with control shRNA was 2-fold higher than in those brains treated with Shootin1 shRNA (Fig. 5A-G) (n = 4 brains, 7 sections per treatment, unpaired t-test, in the VZ 56.6 ± 5.6% vs. 25.1 ± 6.3%, P = 0.0029; in the IZ 18.4 ± 3.7% vs. 9.05 ± 2%, P = 0.048; NICD-GFP with control shRNA vs. NICD-GFP with Shootin1 shRNA, respectively). Furthermore, 2 additional observations involving Shootin1 shRNA, suggested a decrease of NICD mediated Notch activation. One, when the brains were treated with the combination of NICD-GFP and Shootin1 shRNA it was possible to note that a fraction of the cells already migrated to the CP (4 ± 2%). These cells were absent when the brains were treated with NICD-GFP and control shRNA. Two, in many cases of NICD overexpression neurogenic rosettes were observed (yellow arrowheads in Fig. 5A , seen in Fig. 5A-C) . These neurogenic rosettes are a consequence of Notch activation as has been previously published (Li et al. 2003) . Most importantly, the neurogenic rosettes were eliminated following Shootin1 knockdown (Fig. 5D-F) . The possibility that Itch mRNA is an off-target of Shootin1 shRNA was excluded ( Supplementary  Fig S2A,B) .
One plausible explanation for this surprising result may lie in an unrecognized modulatory role of Shootin1 on NICD degradation. Previous studies have demonstrated that the E3 ubiquitin ligase Itch targets NICD for poly-ubiquitination (McGill and McGlade 2003) . Itch, also known as Itchy E3 Ubiquitin Protein Ligase, contains a C2 domain, 4 WW domains and a HECT (Homologous to the E6-AP Carboxyl Terminus) domain, where the catalytic activity is mapped (Supplementary Fig. S7A ). Itch mRNA is expressed in the VZ (http://www.genepaint.org). To explore the possibility that Shootin1 and Itch are found in a complex in embryonic brain lysates, co-immunoprecipitation experiments were conducted. Anti-Itch antibodies immunoprecipitated Shootin1 from brain lysates (Supplementary Fig. S7B ). In cells transfected with GFP-Shootin1, anti-GFP antibodies immunoprecipitated Itch-myc ( Supplementary Fig. S7C ), and reciprocal interactions were shown using myc-tagged catalytically inactive Itch (C830A) that was used based on the assumption that a catalytic cells, counted in size-matched areas in 8-10 section pairs from 3 wild type and 3 knockout embryos, ratio paired t-test, box and whiskers presentation, mean of differences ± S.E.M. of differences, pHis 1.5 ± 0.017, n = 10, P < 0.0001, Tbr2 1.26 ± 0.024, n = 8, P = 0.0046. **P < 0.01; ****P < 0. Shootin1−/− cortices, n = 18, mean of differences ± S.E.M, Tbr1 62.28 cells/100 μm 2 ± 2.48, P = 0.0379, Cux1 87.1 cells/100 μm 2 ± 2.221, P < 0.0001. *P < 0.05, **P < 0.05, ****P < 0.0001. Scale bars: A, 50 μm; F, 15 μm; H,J,L, 50 μm.
mutation may stabilize the enzyme interactions with its putative partners ( Supplementary Fig. S7D,E) . A direct physical interaction between Shootin1 and Itch was supported using MST technology ( Supplementary Fig. S7F-H) . The interaction between Shootin1 and catalytically inactive Itch (C830A) exhibited higher affinity than with the wild type enzyme (Kd of Shootin1-Itch C830A 2.74 μM vs. Shootin1-Itch 16 μM, Supplementary Fig. S7G ,H), a fact that may explain the relative ease to demonstrate a reciprocal co-immunoprecipitation of the 2 partner proteins. Our previous results demonstrated that Shootin1 modulates the activity of the E3 ubiquitin ligases LNX1/2, hence, the possibility that Shootin1 may also affect the ubiquitin ligase activity of Itch was examined. Whereas addition of Shootin1 to LNX1/2 enhanced the poly-ubiquitination of Numb, the opposite effect was noted on Itch activity. Addition of Shootin1 to Itch reduced the polyubiquitination of NICD (Fig. 5H-K, Fig. 5H compare lane 2 and 3). Shootin1 is not a substrate of either of the E3 Ubiquitin ligases as we were not able to detect poly-ubiquitinated Shootin1 by either LNX1/2 or Itch ( Supplementary Fig. S7I-L) .
Discussion
Collectively, our findings demonstrate that Shootin1 can both activate the RING domain E3 ubiquitin ligase LNX1/2 and inhibit the HECT domain E3 ubiquitin ligase Itch. The interaction between Shootin1 and LNX1/2 raises the possibility that Shootin1 activates LNX1/2 either by introducing a conformational change or more likely by promoting LNX1/2 oligomerization, which may be important for its ubiquitin ligase activity (Rice et al. 2001) . None of these proposed options were experimentally supported or excluded thus far. Both of Shootin1-LNX1/2 and Shootin1-Itch interactions had a common consequence; stimulation of Notch signaling (Fig. 6) . Our MST based analysis revealed modest interaction affinities between Shootin1 and LNX1/2 and Shootin1 and Itch with dissociation constants within the micromolar range. Interestingly, similar dissociation constants were reported for the interaction between E2s and E3s ubiquitin ligases (Ye and Rape 2009) . For example, UBE2N binds the E3 TRAF6 with a dissociation constant of 1.2 μM, and the affinity of UBE2N for the isolated RING domain of TRAF6 is even lower (Yin et al. 2009 ). These relatively low affinities allow the shuttling of E2 between E1 and E3. Low affinity interaction is compatible with a regulatory interaction that has been described here. The affinity of mono-ubiquitin to ubiquitin-binding domains varies with the domain identity, and the ubiquitin chain length and its topology. The affinities of the mono-ubiquitin-binding interactions of ubiquitin-binding domains are commonly weak, with reported Kd > 100 μM. In a physiological context these affinities can increase dramatically by various mechanisms including ubiquitin polymerization, multiple binding sites and cooperative binding with other domains and other proteins (Hurley et al. 2006 ). Although Shootin1 is not necessary for neither Numb nor NICD ubiquitination by LNX1/2 or Itch, respectively, it is able to enhance or hinders the ligation of ubiquitin to the substrate via the activities of the E3 ligases. The interaction between Shootin1 and LNX1/2 stimulated polyubiquitination of Numb, whereas the interaction between Shootin1 and Itch impaired poly-unibiquitination of NICD. These 2 opposing activities can independently enhance Notch activation, transcription of target genes and increase cell proliferation. Numb and Shootin1 bind LNX1/2 in non-overlapping domains. Our data showed no interaction between the first PDZ repeat of LNX1 and Shootin1 whereas this was the site described earlier as the LNX1/2-Numb interaction domain (Dho et al. 1998; Li et al. 1998; Rice et al. 2001) . Our experiments did not detect a direct interaction between Numb and Shootin1, thus our model suggests an indirect regulatory interaction. The second part of our model points at Itch as the E3 ligase whose modulation by Shootin1 leads to changes in NICD stability. Shootin1/Itch interaction may stabilizes the intramolecular inhibitory interaction between the WW and HECT domains of Itch (Gallagher et al. 2006) , thereby the observed reduction in the activity of Itch. In neither case, we cannot rule out the possibility that players in this regulatory circuits may have been over-looked, however a cooperative interaction between Numb and Itch that enhances the ubiquitination of NICD was demonstrated, providing a connection between Shootin1 activities towards LNX1/2 and Itch (McGill and McGlade 2003) . Effects on the cell cycle of progenitors were noted when Shootin1 was either knocked down or knocked out. Acute reduction of Shootin1 in the developing brains, reduced the number of mitotic events on the apical aspect of the VZ and depleted progenitor population. Similarly, in the knockout embryos the abundance of mitotic events in a particular time point was reduced. We found a larger proportion of cells treated with Shootin1 shRNA, were stalled in the G to S checkpoint but failed to enter S-phase and synthetize DNA and incorporate EdU. This is a likely explanation for underproduction of upper layers cortical neurons seen in early postnatal Shootin1 mutant brains. Nevertheless, as Shootin1 has a documented role during neuronal polarization (Toriyama et al. 2006 (Toriyama et al. , 2010 (Toriyama et al. , 2013 Shimada et al. 2008; Sapir et al. 2013; Kubo et al. 2015) and the abnormalities in cortical layering may be attributed to these functions as well. In addition, we have previously demonstrated that Shootin1 and Kif20b interact and regulate polarization of migrating neurons (Sapir et al. 2013) . Kif20b is important for midbody structure and proper cytokinesis (Westendorf et al. 1994; Kamimoto et al. 2001; Abaza et al. 2003) . Kif20b KO mice exhibit reduced neurogenesis (Janisch et al. 2013 ). Although we have previously shown that Kif20b is involved in intracellular transport of Shootin1, the possibility that the neurogenic phenotypes observed in Shootin1 KO mice may be mediated in part by affecting Kif20b activity cannot be ruled out.
In the developing mouse brain, Shootin1 regulates Notch signaling by 2 distinct mechanisms at 2 different levels of the pathway. Within radial glia progenitors undergoing mitosis, the distribution of Shootin1 is asymmetric, where the amount of the protein is unequal between prospective daughter cells. Our work points to interesting parallels between Shootin1 and the mammalian partition defective 3 (Par3) protein. Par3 is a member of the polarity Par complex (including Par3, Par6, and atypical protein kinase C) and functions in various cell-polarization events, including axon specification (review Yoshimura et al. 2006; Assemat et al. 2008 ). Shootin1 was identified as a protein which is upregulated during polarization of hippocampal neurons (Toriyama et al. 2006) . A critical event during hippocampal polarization is the transport and accumulation of specific proteins in the growing axon tip through a direct interaction with a plus-end directed molecular motor; Par3 interacts with the kinesin KIF3A (Nishimura et al. 2004 ) and Shootin1 interacts with KIF20b (Sapir et al. 2013) . Par3 regulates the organization of the Golgi apparatus, which is an essential step for cell polarization (Matsui et al. 2015) . Migrating neurons with reduced levels of Shootin1 exhibited abnormal Golgi clustering (Sapir et al. 2013) . The role of Par3 and Shootin1 is not limited to postmitoitc neurons but was demonstrated for neuronal progenitors in vivo. Like Shootin1, Par3 was found to be asymmetrically distributed in radial glia progenitors and changes in Par3 levels tilted the ratio between neurogenic to proliferative divisions (Bultje et al. 2009 ). Suppression of Par3 expression in the developing mouse brain, caused cells to exit the VZ and led to an increase in neuronal production (Bultje et al. 2009 ). In the zebrafish neural tube the daughter cell fate was correlated with asymmetric inheritance of Par3-GFP (Alexandre et al. 2010 ). Similar to Shootin1, Par3 was found to positively modulate Notch signaling, however this activity has not been explained at the molecular level (Bultje et al. 2009 ).
Our model predicts that neuroblasts with elevated Shootin1 will have higher activity of LNX1/2, lower levels of Numb, as well as decreased Itch activity resulting in more Notch signaling. These cells will continue to cycle in the VZ and will replenish the progenitor pool. The prospective daughter cell that will inherent low Shootin1 levels will exhibit a reduction in LNX1/2 activity reflected in accumulation of Numb, which negatively regulates Notch signaling. In this type of daughter cell, the activity of Itch will be enhanced thus resulting in less NICD available for activation of gene transcription. Accordingly, it could be expected that this daughter cell will be depleted from the progenitor pool. We found that when the cells acquire a neuronal fate Shootin1 levels are upregulated, where the protein is presumably participating in cellular polarization processes. Shootin1 levels peak in the postmitotic neurons as they arrive to the cortical plate. However, we suggest that the effects of Shootin1 described in this work, in the prospective future daughter cells occur prior to completion of mitosis, and affect the decision of the subsequent cell fate. Shootin1 is mainly expressed in the developing brain and here we show its specific activity as one of the numerous regulators of the Notch pathway.
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